Parasympathetic preganglionic cardiac motoneurons labeled after voluntary diving by W. Michael Panneton et al.
ORIGINAL RESEARCH ARTICLE
published: 28 January 2014
doi: 10.3389/fphys.2014.00008
Parasympathetic preganglionic cardiac motoneurons
labeled after voluntary diving
W. Michael Panneton1*, A. Michael Anch2, Whitney M. Panneton1 and Qi Gan1
1 Department of Pharmacological and Physiological Science, St. Louis University, St. Louis, MO, USA
2 Department of Psychology, St. Louis University, St. Louis, MO, USA
Edited by:
James J. Galligan, Michigan State
University, USA
Reviewed by:
Kirsteen Browning, Penn State




W. Michael Panneton, Department
of Pharmacological and
Physiological Science, School of
Medicine, St. Louis University,
1402 S. Grand Blvd., St. Louis,
MO 63104-1004, USA
e-mail: pannetwm@slu.edu
A dramatic bradycardia is induced by underwater submersion in vertebrates. The location
of parasympathetic preganglionic cardiac motor neurons driving this aspect of the diving
response was investigated using cFos immunohistochemistry combined with retrograde
transport of cholera toxin subunit B (CTB) to double-label neurons. After pericardial
injections of CTB, trained rats voluntarily dove underwater, and their heart rates (HR)
dropped immediately to 95 ± 2 bpm, an 80% reduction. After immunohistochemical
processing, the vast majority of CTB labeled neurons were located in the reticular
formation from the rostral cervical spinal cord to the facial motor nucleus, confirming
previous studies. Labeled neurons caudal to the rostral ventrolateral medulla were usually
spindle-shaped aligned along an oblique line running from the dorsal vagal nucleus to
the ventrolateral reticular formation, while those more rostrally were multipolar with
extended dendrites. Nine percent of retrogradely-labeled neurons were positive for both
cFos and CTB after diving and 74% of these were found rostral to the obex. CTB also
was transported transganglionically in primary afferent fibers, resulting in large granular
deposits in dorsolateral, ventrolateral, and commissural subnuclei of the nucleus tractus
solitarii (NTS) and finer deposits in lamina I and IV-V of the trigeminocervical complex.
The overlap of parasympathetic preganglionic cardiac motor neurons activated by diving
with those activated by baro- and chemoreceptors in the rostral ventrolateral medulla is
discussed. Thus, the profound bradycardia seen with underwater submersion reinforces
the notion that the mammalian diving response is the most powerful autonomic reflex
known.
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INTRODUCTION
Motor control of the heart is via a two neuron efferent system
linked in a peripheral ganglion. Thus, there are preganglionic
and postganglionic neurons innervating the heart similar to the
autonomic nervous system’s innervation of other viscera. It is
well known that the parasympathetic component of heart control
has preganglionic cardiac neurons located in the medulla while
postganglionic neurons are found close to the heart itself. The
consensus for the location of preganglionic cardiac motoneurons
has shifted over the years (see Hopkins et al., 1996; Panneton
et al., 1996; Hopkins and Armour, 1998; Hsieh et al., 1998 for
reviews), with most investigators now concluding that most car-
diac motoneurons are found in the external formation of the
nucleus ambiguus in the ventrolateral medulla. Axons from these
neurons travel peripherally with the vagus nerve; a bradycardia is
induced when such fibers are activated. A functional heterogene-
ity has been speculated (see Blinder et al., 2007) for preganglionic
parasympathetic cardiac motor neurons; we wished to determine
if medullary cardiac motor neurons physiologically-activated by
diving underwater are segregated in the medulla.
However, labeling of preganglionic cardiac motoneurons
is problematic when using retrograde transport techniques.
Application of various retrograde neuronal tracers has been made
directly onto nerves innervating the heart, into intrinsic cardiac
ganglia, onto the heart itself near the SA node, or into the pericar-
dial sac surrounding the heart (see Panneton et al., 1996; Corbett
et al., 2003, for discussions), but the potential for contamina-
tion of nearby structures has never been eliminated. We used
both Fluorogold (FG) and cholera toxin as tracers in the present
study, injecting either into the pericardial fluid surrounding the
heart where it is incorporated into the axon terminals of pregan-
glionic parasympathetic neurons and transported retrogradely
into brainstem neurons. We report herein on data from cases
using cholera toxin, since the results were more consistent and
Corbett et al. (2003) suggested that spurious labeling is limited
using this tracer after pericardial injections. Our data is rein-
forced by also labeling such neurons with cFos after underwater
diving, potentially eliminating spurious labeling of preganglionic
esophageal and tracheal neurons that are the usual candidates of
contamination.
Activation of parasympathetic preganglionic cardiac
motoneurons is dramatic during underwater diving in the
rat, inducing a marked bradycardia (Panneton et al., 2010a,b,
2012; McCulloch et al., 2010; Panneton, 2013) that is main-
tained during submersion. Similar cardiorespiratory responses,
including an abrupt and dramatic bradycardia, also is induced
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in rats to nasal stimulation with irritant vapors (McRitchie
and White, 1974; White et al., 1974, 1975; Panneton, 1991b;
Gieroba et al., 1994; Panneton and Yavari, 1995; Yavari et al.,
1996; McCulloch and Panneton, 1997; McCulloch et al., 1999a,b;
Panneton et al., 2010b). We recently reported on neurons
activated during underwater submersion in voluntarily diving
rats with the aid of the cFos technique (Panneton et al., 2012),
but such studies allow no distinction as to the function of these
activated neurons. In the present study we determine which
parasympathetic preganglionic cardiac motoneurons marked by
a retrograde tracer also showed diving-induced cFos activation.
Such procedures allow for a qualitative assessment of neurons
activated by a behavior. We show that most cardiac motoneurons
physiologically-activated by diving and showing cFos were found
in the rostral ventrolateral medulla.
MATERIALS AND METHODS
Seven adult (∼275–401 g) and 13 weanling (70–90 g) Sprague-
Dawley male rats were obtained commercially (Harlan,
Indianapolis, IN) and used in this study. Weanling rats
were used to introduce them early in life to both water and the
training protocols and as a means to limit cost. All protocols
were approved by the Animal Care Committee of Saint Louis
University and followed the guidelines of the National Institutes
of Health Guide for Care and Handling of Laboratory Animals.
DIVING PHYSIOLOGY
The young rats learned to swim and dive in water just after wean-
ing through a maze constructed of Plexiglas™ (McCulloch and
Panneton, 2003). The rats first negotiated the maze by swim-
ming on the surface of the water to the finish area; the length
of their swim was increased gradually (∼50 cm/day) through the
5m path. Once they were familiar with the route, they were placed
in the start gate (with its exit below water level) and then trained
to dive underwater for increasingly longer distances. Distances
were increased by placing horizontal plastic cover plates (from 40
to 100 cm long) over the water chute, preventing early surfacing.
Increments were 40–50 cm/training day over 6–10 trials/day/rat.
Morning trials repeated distances of the previous training period
while the distance of afternoon trials were lengthened. Thus, early
trials in the training period had the rats dive initially followed
by swimming to the finish area while trials later in the training
period had the rats dive through the whole maze to the finish
area. When placed in the start area, the rats voluntarily initiated
their own dives to reach the finish area. We found that sometimes
rats would get confused while making the turns underwater in
the maze and revert back to the start gate. Most such confusion
surprisingly was eliminated by drawing arrows on the tank point-
ing toward the proper direction (similar to one-way street signs).
The rats appeared unstressed (McCulloch et al., 2010) either by
the training protocol or exposure to water, and their willingness
to dive voluntarily was clear when they swim underwater less
than the 5m length. [It is of interest that arterial partial pres-
sures of oxygen, carbon dioxide, and oxygen saturation change
dramatically only after the first ∼15 s of underwater submersion
(Panneton et al., 2010a), a time point consistent with all the tri-
als in this study.] No external reward was used during the training
protocol, but the rats may have been rewarded by an experience of
“freedom” during training when they were allowed to run freely
between cages placed on a table.
The immature rats were trained 5 days/week for 5–6 weeks
to learn to both swim and dive underwater through a maze
(McCulloch and Panneton, 2003). We suspect however that train-
ing could be started on slightly older animals and thus decrease
the waiting time until they reached an appropriate weight to
implant the transmitters. Once these rats reached 230–290 g, they
were anesthetized with ketamine/xylazine (60/40mg/kg; IP) and
the catheter of a biotelemetric transmitter (Model PA-C40; Data
Sciences International, DSI; St. Paul, MN USA) inserted into
their femoral arteries (per a video supplied by the manufacturer);
the transmitter itself was implanted in their abdominal cavities
for the monitoring of pulsatile blood pressure in awake, sponta-
neously active animals. The rats were given buprenorphine (IP;
0.1ml/100 g) post-operatively and healed for at least 5 days with-
out training. After 5–18 days, retrograde tracers were injected
into the rats’ pericardial cavity, the rats rested for 3–4 more days,
and then their diving behavior monitored for experimental data.
Fortunately they did not forget their willingness either to swim or
submerge underwater. Cardiovascular data were obtained from
all rats both prior to, during, and after experimental submer-
sion trials. The transmitter’s broadcast was intercepted with a
radio receiver—a hand held “wand” which followed the div-
ing rat (Model RLA3000; DSI), relayed to a Calibrated Pressure
Analog Adaptor (Model R11CPA; DSI), and transferred through
an A-D interface (1401 plus; Cambridge Electronic Design, CED;
Cambridge UK), stored in the computer, and analyzed using
Spike 2 software (CED). Systolic, diastolic and mean arterial
blood pressure (MABP) was calculated and heart rate (HR) was
determined by counting peaks of systolic pressure. Control data
was taken from injected rats in the start gate prior to underwa-
ter submergence while experimental data was obtained while the
rats were diving. Also, we assumed that the rats did not attempt
to breathe while underwater since they showed no difficulty
in breathing after their experience—all readily dove underwa-
ter multiple times and none drowned during submergence. On
the day of the experiment, the rats dove voluntarily three times
within 11.5–13.5min (avg. 12.7min) and their hemodynamics
monitored.
DATA ANALYSIS
Means and standard errors (M± S.E.) were determined for exper-
imental and control data from the cardiovascular parameters. The
three dives were averaged per animal and a grand mean calcu-
lated. HR and MABP during diving were compared to data taken
just prior to submersion in all experimental rats and compared for
significance (SPSS software; v. 13) using the Independent Samples
T-test. Significance was calculated as p < 0.05.
IMMUNOHISTOCHEMISTRY
Initially, four adult rats were anesthetized with ketamine/xylazine
(60/40mg/kg; IP) and their thorax shaved prior to surgery. An
endotracheal tube was inserted orally and the rats ventilated
mechanically. The rats were secured supine, and a right thora-
cotomy performed between the 2nd and 4th rib and the opening
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expanded with retractors. After locating the pericardium over the
right atrium, between 10–20μl of 5% FG (Fluorochrome, Inc.,
Denver, CO, USA) in 0.2M cacodylate buffer mixed with vital
dye Fast Green was injected into the pericardium via a 10μl
Hamilton syringe to which a fine glass tip (20–35μm) had been
attached. The green vital dye allowed for qualitative assessment of
the injection and was deemed successful if the dye was contained
within the pericardium. Sutures were placed through the inter-
costal muscles, the lungs hyperinflated, and then knotted securely
over the incision. Their skin was closed and the rats received
subcutaneous injections of buprenorphine (0.1ml/100 g) postop-
eratively.
After 3–4 days the rats were deeply anesthetized (Sleepaway,
40mg/kg; IP) and perfused through the heart with a peristaltic
pump first with a saline-procaine solution, followed immediately
by a fixative of 4% paraformaldehyde and 3% sucrose in 0.1M
sodium phosphate buffer (PB; pH 7.3). Brains were removed
and refrigerated in the fixative with 20% sucrose at 4◦C. The
brains were blocked in the transverse plane using a precision brain
slicer prior to cutting frozen transverse sections (40μm) with a
microtome.
Every third section was washed three times with 0.1M PB for
10min, and then in 0.1M PB with 0.3% Triton for at least 5min.
Sections then were processed immunohistochemically overnight
with antibodies against FG in buffer with 0.3% Triton contain-
ing rabbit anti-FG (1:20,000; Chemicon, Temecula, CA, USA) on
a shaker at room temperature. The following morning, the sec-
tions were washed in PB with 0.3% Triton and incubated for
1 h in a solution containing goat anti-rabbit immunoglobulin
(Sigma-Aldrich Corp., St. Louis, MO, USA) at a dilution of 1:400.
The sections then were incubated in Vectastain ABC Elite solu-
tion (1:200; Vector Laboratories, Burlingame, CA, USA) for 1 h,
washed in three rinses of PB, and reacted with diaminobenzidine
dihydrochloride (DAB) intensified with nickel ammonium sulfate
for 4–10min. Hydrogen peroxide (0.06%) catalyzed the reaction.
However, the retrograde staining of preganglionic cardiac
motoneurons was minimal using FG, so pericardial injections
of Cholera Toxin B Subunit (CTB) Conjugate (List Laboratories,
Inc.) were made in the other 16 rats (13 juvenile and 3 adult), but
only after the juvenile rats first had been trained to dive underwa-
ter (vide supra). Upon reaching at least 230 g, these juvenile rats
were instrumented with telemetric transmitters (vide supra) and
after 5–18 days subjected to thoracotomy as described previously.
Between 5–20μl of 1% CTB was injected into the pericardial sac
as above, with most injections between 8–11μl. After a 3–4 days
transport period, the injected rats dove underwater 3 times over
a period of approximately 13min and were perfused as above
after 2 h. In 5/13 of these cases the thin pericardium developed
a tear, and green dye spread into the pleural cavity. Thus, in three
other cases in adult rats the CTB-Fast Green injection was placed
directly into the pleural cavity as control. The brains of all rats
were removed and subsequently sectioned frozen at 40μm on
a sliding microtome. One series of sections was first processed
immunohistochemically with antibodies against CTB (vide infra)
to determine reliable transport. Another series was then processed
for cFos and CTB immunohistochemistry.
After rinsing (vide supra), every third section was pro-
cessed immunohistochemically overnight with antibodies against
Fos (rabbit polyclonal IgG for c-fos p62; 1:20,000; Santa Cruz
Biotechnology, Inc.) mixed in 0.1M PB with 0.3% Triton. On
the following day, the sections were washed, incubated for 1 h in
goat anti-rabbit biotinylated secondary IgG (1:500; Vector Labs),
washed again, and then incubated in an ABC complex (Vectastain
Elite; Vector Laboratories) for another hour. The Fos antigen was
visualized in the brainstem with the chromogen diaminobenzi-
dine (DAB) enhanced with nickel ammonium sulfate, resulting in
a black precipitate in nuclei of immunolabeled cells. After rins-
ing, the sections were then incubated in Avidin-D (12.5mg/ml;
Vector Laboratories) for 30min, rinsed in 0.1M phosphate buffer
with 0.3% Triton, incubated in d-Biotin (25mg/ml) for another
30min, and then rinsed again in buffer. The sections were soaked
overnight in goat anti-CTB subunit (List Laboratories, Inc.),
and then processed with donkey anti-goat secondary antibody.
Visualization of the 2nd antigen was done histochemically similar
to that above with the exception that nickel ammonium sulfate
was omitted, resulting in a brown reaction product. The sections
from all groups were then rinsed, mounted serially on gelatinized
slides and air-dried. Slides then were counterstained with Neutral
Red, dehydrated in alcohols, defatted in xylenes, and coverslipped
with Permount.
Neurons contained black nuclei when stained with a single
antigen against cFos and had brown cytoplasm when stained only
for CTB; double-labeled neurons appeared as cells with black-
labeled nuclei and brown cytoplasm. Neurons were visualized
with brightfield optics (Nikon E800) and photographed with a
digital camera (MicroImager II) and Northern Eclipse Software
(Empix, Inc.). Sections were drawn with a Nikon E600 micro-
scope and Neurolucida software (MicroBrightField, Inc.). The
photomicrographs were standardized using levels, brightness and
contrast in Adobe Photoshop software (v.7) and aligned in Adobe
Illustrator software (v.11) for figures. Figure 3A is a photomon-
tage of 23 individual figures stitched together by Microsoft Image
Composite Editor (open source; http://research.microsoft.com/
en-us/um/redmond/groups/ivm/ice/), an advanced panoramic
image stitcher. Nomenclature and abbreviations are from a
stereotaxic rat atlas (Paxinos and Watson, 1998).
RESULTS
Results for diving physiology were calculated for 8/13 rats that
had pericardial injections of CTB without tearing this deli-
cate membrane; data from the others were not considered since
their pericardial membranes developed tears during injection. All
rats showed an abrupt and dramatic bradycardia upon under-
water submergence with an increase in arterial blood pressure
(Figure 1A). Mean HR prior to voluntary diving was 465 ±
4 bpm while MAP was 114 ± 1.6mmHg; this data served as con-
trol. Upon underwater submersion, HR immediately dropped
significantly (p < 0.001) to 95 ± 2 bpm, an 80% reduction
(Figure 1B1), while MAP rose significantly (p < 0.001) to 127 ±
1mmHg (Figure 1B2).
Retrogradely labeled neurons (average/case = 167 neurons)
were noted bilaterally in the brainstem (Figure 2) after CTB
injections into the pericardium. Most were contained in the
medulla, but some were found in the C1 cervical segment of the
rostral spinal cord (Figure 2A). Most of the retrogradely labeled
neurons found caudal to the obex were of medium size in the
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FIGURE 1 | Cardiovascular responses to underwater submersion of
voluntarily diving rats. The abrupt bradycardia and increase in mean arterial
pressure (MAP) is seen in (A) upon submergence (down arrow), which
immediately reverts to normal rhythms after emergence from the water (up
arrow). Compilation of trials (n = 24) from eight rats showing the 80% drop in
heart rate (B1; HR, p < 0.001) and increase in MAP (B2, p < 0.001) after
underwater submersion. Rats exhibit an almost invariant diving response.
∗∗∗p < 0.001.
FIGURE 2 | Line drawings illustrating neurons labeled singly with CTB
(small dots) or doubly with CTB and cFos (red triangles) in a rat trained
to dive underwater and receiving a pericardial injection of CTB. While
single labeled neurons were found mostly in the reticular formation,
especially in the external formation of the nucleus ambiguus, most
double-labeled neurons are found in the rostral ventral lateral medulla
(arrows). Thus those activated by diving are generally found in the RVLM.
Abbreviations: Amb, nucleus ambiguus; Cu, cuneate nucleus; ECu, external
cuneate nucleus; Gr, gracile nucleus; IO, inferior olivary nucleus; LRt, lateral
reticular nucleus; MDH, medullary dorsal horn; Sp5I, spinal trigeminal
nucleus, pars interpolaris; sol, solitary tract; sp5, spinal trigeminal tract; 10,
dorsal motor nucleus of the vagus nerve; 12, hypoglossal motor nucleus.
ventrolateral reticular formation (Figure 3A), generally extending
along an oblique line from the dorsal motor nucleus of the vagus
nerve to nucleus ambiguus (Figure 3A, arrows), wheremany were
included in its external formation. These neurons were elongated
along this oblique line and contained long dendrites oriented
similarly (Figures 3A,D). A few neurons were in the dorsal vagal
nucleus itself; these were small with little dendritic labeling. Above
theobex, thoseventral to thenucleusambiguuswere the largest and
intermixed in the area of the C1 catecholaminergic group. They
were pyramidal or multipolar in shape (Figure 3B, arrows) with
extensive dendrites (Figure 3C, arrows) extending laterally toward
thetrigeminal sensorycomplexandaroundthecompact formation
of the nucleus ambiguus. Retrogradely labeled neurons within the
compact formation of nucleus ambiguus were multipolar with
Frontiers in Physiology | Autonomic Neuroscience January 2014 | Volume 5 | Article 8 | 4
Panneton et al. Cardiac motoneurons labeled after underwater submersion
short dendrites that seldom were seen beyond the vicinity of the
neuronal cell body (Figure 3E).
Nine percent of retrogradely-labeled neurons were positive
for cFos and CTB and 74% of these were found rostral to the
obex (Figure 2). Double-labeling in these neurons was promi-
nent (Figures 3D,E; black arrows), but we suspect more nuclei
were labeled with cFos but obscured by dense cytoplasmic
FIGURE 3 | Photomicrographs illustrating retrograde labeling of
parasympathetic preganglionic cardiac motor neurons in the medulla
of the rat after pericardial injections of cholera toxin B (CTB) and their
activation by diving. Photomontage of a medullary section caudal to the
obex (A) showing the distribution of caudal preganglionic cardiac
motoneurons (arrows) along an oblique line from the ventrolateral part of
the dorsal motor nucleus of the vagus nerve toward the nucleus ambiguus.
Such distribution is similar to that described in other mammals. Most
neurons rostral to the obex (B,C,E) were retrogradely-labeled adjacent or
ventral to the compact formation of nucleus ambiguus (Amb-c). Note the
long dendrites of neurons ventral to Amb-c (C, red arrows) extending into
the reticular formation, many surrounding Amb-c or approaching the spinal
trigeminal nucleus, pars interpolaris (Sp5I). Double labeling of preganglionic
cardiac motor neurons after underwater submersion with both cFos (black
immunolabeled nuclei) and retrograde transport of CTB (brown cytoplasmic
labeling) is shown in (D,E). Two retrogradely-labeled neurons in the caudal
medulla are seen in (D), one of which was activated by underwater
submersion (arrow); note the long obliquely orientation of the dendrites.
While some Amb-c neurons were retrogradely-labeled (E) after pericardial
injections, neurons labeled with cFos were found on its periphery, some of
which were double-labeled (black arrows). A single retrogradely labeled
neuron also is shown more ventrally (red arrow).
concentrations of CTB. Nevertheless, almost three quarters of
double-labeled neurons were found rostral to the obex and just
caudal to the facial motor nucleus (Figure 2), both surround-
ing the compact nucleus ambiguus (Figure 3E) as well as in the
rostral ventrolateral medulla (Figures 3B,C).
Only half as many neurons (n = 88/case) were retrogradely
labeled after injections of cholera toxin into the pleural cavity
(n = 3). The distribution of neurons after pleural injections gen-
erally was similar to that after injection into the pericardial cavity,
but we considered the staining to be less intense. We also noted
that more retrogradely labeled neurons were found in the dorsal
motor nucleus of the vagus nerve after injections into the pleural
cavity, especially rostrally.
Reaction product, reminiscent of transganglionic transport in
sensory fibers, also was seen in all cases with injections into the
pericardial cavity, but not after injections into the pleural cavity.
Label consisting of large granules of reaction product was noted
bilaterally in the commissural subnucleus of the nucleus trac-
tus solitarii (NTS: Figure 4A, arrows) and extended rostrally to
the obex where it was found bilaterally in the dorsolateral, dor-
somedial, and ventrolateral subnuclei of the NTS (Figure 4B).
Transganglionic label also was seen bilaterally in the dorsomedial
third of the caudal medullary dorsal horn, possibly from labeled
fibers exiting the caudal tractus solitarii and traveling laterally. A
finer label was found in lamina I bilaterally (Figure 4D, arrows)
while a mixed label of both small and large granules were seen in
laminae IV–V bilaterally (Figure 4C).
DISCUSSION
Pericardial injections of cholera toxin were made in rats trained to
dive underwater and the resultant retrograde labeling combined
FIGURE 4 | Pericardial injections of CTB also induced transganglionic
transport in sensory fibers. Note black precipitate (arrows) in the
commissural subnucleus (A, arrows) and dorsolateral and ventrolateral
subnuclei (B, arrows) of the nucleus tractus solitarii; such label mimics that
seen after labeling primary afferent fibers innervating baroreceptors and the
trachea. Labeling of sensory afferent fibers was also noted in the C1 spinal
segment (C) and medullary dorsal horn (MDH) of the trigeminal sensory
complex (D) in laminae I and IV–V (arrows).
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with cFos immunohistochemistry located parasympathetic pre-
ganglionic cardiac motor neurons activated by voluntary diving.
All rats showed a drop in HR of approximately 80%, similar
to all diving trials published previously by us in this rodent
(Panneton et al., 2010a,b, 2012; Panneton, 2013). Preganglionic
cardiac motoneurons have been described by many as rather iso-
lated in the medulla, having no clear nuclear bounds. However,
a small number of these neurons induce marked adjustments
to HR when activated/depressed after microinjections of trans-
mitters (McAllen and Spyer, 1976; Agarwal and Calaresu, 1991;
Chitravanshi et al., 1991; Chitravanshi and Calaresu, 1992;
Ruggeri et al., 2000), suggesting the powerful influence of a
few over cardiac rhythms. Although parasympathetic pregan-
glionic cardiac motor neurons were double-labeled from the
spinomedullary junction to the caudal facial nucleus herein, most
double-labeled motoneurons were found in the rostral ventrolat-
eral medulla. This location overlaps with that of other somatoau-
tonomic cardiorespiratory reflex circuits, and provides a locus
for the radical adjustment to normal homeostatic rhythms seen
during the diving response.
TECHNICAL CONSIDERATIONS
Numerous investigators have injected various retrograde trac-
ers into physiologically-defined cardiopulmonary branches of the
vagus, into subpercardial postganglionic plexi, or into the peri-
cardium itself to determine the origin of parasympathetic pre-
ganglionic cardiac motor neurons. Our intrapericardial injections
of FG were basically ineffective since few preganglionic cardiac
neurons were retrogradely labeled, similar to observations of oth-
ers (Mendelowitz and Kunze, 1991; Irnaten et al., 2003). FG was
used effectively in one study (Aicher et al., 2002), however, but
the volume injected by them greatly exceeded that used in the
present study. However, numerous others have used either bound
or native horseradish peroxidase molecules, fluorescent dyes, or
cholera toxin effectively. While the conclusions of recent investi-
gations using these various methods are similar, a lingering prob-
lem plaguing nearly all intrathoracic injections of tracers is that
of spread to nearby structures (see Corbett et al., 1999, for discus-
sion). We previously had injected the plexi containing postgan-
glionic neurons in the muskrat (Panneton et al., 1996), but were
troubled that neurons in the compact formation of the nucleus
ambiguus, which contains numerous esophageal motoneurons
(Bieger and Hopkins, 1987; Neuhuber et al., 2006; Hou et al.,
2009; McGovern and Mazzone, 2010), were labeled consistently.
Other investigators (Miura and Okada, 1981; Stuesse, 1982; Izzo
et al., 1993) also have noted labeling in the compact formation of
the nucleus ambiguus after intrathoracic injections of retrograde
tracers, but Corbett et al. (2003) using CTB as a tracer concluded
it only labeled cardiac motoneurons. Indeed, numerous neuro-
physiological studies (McAllen and Spyer, 1976, 1978; Agarwal
and Calaresu, 1991, 1992; Chitravanshi et al., 1991; Chitravanshi
and Calaresu, 1992; Ruggeri et al., 2000) show preganglionic
cardiac neurons surrounding and just ventral to the nucleus
ambiguus, similar to the present data. Nevertheless, although we
agree with those stating that the compact formation of nucleus
ambiguus contains esophageal motoneurons, our control injec-
tions into the pleural cavity yielded a similar distribution to those
with injections into the pericardial cavity, albeit fewer neurons
were labeled retrogradely and more were located in the dorsal
motor nucleus of the vagus nerve. Thus, it is possible that not all
retrogradely labeled neurons were parasympathetic preganglionic
cardiac motor neurons.
In this regard, it is well known that cardiac pacing is tightly
coupled to respiration, producing a respiratory sinus arrhyth-
mia. Indeed, McAllen and colleagues (McAllen and Spyer, 1978;
Rentero et al., 2002) showed preganglionic vagal neurons project-
ing into either cardiac or pulmonary branches of the vagus nerve
and most neurons exiting in the cardiac branches were modu-
lated by respiration. Although these same authors suggest that
esophageal or pulmonary contamination of cardiac branches is
small (McAllen and Spyer, 1976), the medullary origin of pre-
ganglionic neurons projecting to the trachea (Haxhiu and Loewy,
1996) have a similar distribution in the caudal medulla with
that described herein. Thus, some of the neurons labeled herein
may project to the trachea. However, although we saw numer-
ous labeled neurons in the dorsal motor nucleus of the vagus
nerve after our intrapleural control injections, there were rela-
tively few after intrapericardial injections, suggesting the cholera
toxin was contained within the pericardium (see Corbett et al.,
2003). Moreover, the dorsal motor nucleus of the vagus nerve
has few preganglionic cardio-inhibitory neurons (McAllen and
Spyer, 1976), supporting the dearth of projections seen after our
intrapericardial injections.
Moreover, our observations on the morphology of
retrogradely-labeled preganglionic cardiac motoneurons in
the different regions (dorsal motor nucleus of the vagus nerve,
intermediate reticular formation, external formation of the
nucleus ambiguus, and rostral ventral lateral medulla) align
well with the morphological descriptions of others (Izzo et al.,
1993; Corbett et al., 1999, 2003), suggesting specific labeling
by the methods employed herein. It is unknown whether the
different regional morphologies either suggest different functions
of these distinct neurons or is the result of physical constraints of
surrounding neuropil.
DOUBLE-LABELING OF PREGANGLIONIC CARDIAC MOTONEURONS
We utilized cFos immunohistochemistry to mark the subset
of cardiac motoneurons activated by the intense bradycardia
induced by underwater submersion. We feel that when the results
from both techniques are combined, parasympathetic pregan-
glionic cardiac motor neurons activated by diving are revealed.
However, only 9% of retrogradely-labeled neurons also were
labeled with cFos. This may reflect the powerful action of but
few cardiac motoneurons or a masking of cFos labeling by dense
cytoplasmic aggregations of CTB.
Cases from our library show that the compact formation of
nucleus ambiguus is labeled rarely by cFos after diving (Panneton
et al., 2010b, 2012; Panneton, 2013), but is seen, however, in
the semi-compact formation more caudally, potentially related
to motoneurons innervating the larynx (Bieger and Hopkins,
1987; Panneton, 1991a). [It is of interest that glottal closure is
induced in the diving response after nasotrigeminal stimulation
(Dutschmann and Paton, 2002; Kunibe et al., 2003)]. However,
cardiac neurons also can be activated via the baroreceptor and
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respiratory chemoreceptor reflexes, and these also may be acti-
vated during underwater submersion.
Thus, our analysis was compounded further since the diving
response also increases arterial blood pressure (Figure 1), acti-
vating the baroreceptor reflex which also induces a bradycardia.
ChAT-positive neurons, representing preganglionic parasympa-
thetic neurons, were double-labeled with Fos after increases in
arterial blood pressure (Okada and Miura, 1997) and had a dis-
tribution similar to those described herein (Figure 2), including
many in the rostral ventrolateral medulla. Although we have
shown previously that the bradycardia induced by nasal stimu-
lation persists after increases in arterial pressure are neutralized
with prazosin (Yavari et al., 1996), some preganglionic parasym-
pathetic cardiac motor neurons double-labeled during diving
herein may not have been activated by diving via trigeminal stim-
ulation (see Panneton, 2013), but rather due to the increase in
blood pressure alone.
Moreover, bradycardia also is induced when respiratory
chemoreceptors are activated. However, blood gases change rel-
atively little during the brief time (<20 s) the present rats were
underwater (Panneton et al., 2010a) and chronic intermittent
hypoxia does not increase Fos staining (Knight et al., 2011).
Nevertheless, McAllen et al. (2011) recently have shown that con-
vergence of reflex arcs driving the bradycardia during diving,
the baroreceptor reflex and the respiratory chemoreceptor reflex
occurs at the level of the parasympathetic preganglionic cardiac
neurons in the medulla. This demonstrates that the same pre-
ganglionic parasympathetic cardiac motoneurons are activated
by diving, baroreceptors and chemoreceptors. Thus, if neurons
are labeled by both cFos and CTB markers, they probably are
parasympathetic preganglionic cardiac neurons.
SENSORY TRANSGANGLIONIC LABEL
Sensory fibers also transported the CTB tracer transganglioni-
cally, but only after the pericardial injections. The transganglionic
labeling we saw in the NTS supported early observations of HRP
transport (Kalia andMesulam, 1980) and that of pericardial injec-
tions of CTB (Corbett et al., 2005), but the function of such
fibers is not known. Numerous sensory afferent fibers from the
vagus nerve innervate the atria and great vessels of the heart
(Foreman, 1986; Corbett et al., 2005) and it is probable that
most project into the NTS. The pattern of labeling mimicked that
made from peripheral baroreceptor nerves (Panneton and Loewy,
1980; Chan and Sawchenko, 1994, 1998), and may be important
for sensing cardiovascular phenomena. It also may be important
in modulating respiratory sinus arrhythmias, since the pattern
matches the afferent labeling seen after cholera toxin injections
of the trachea (Haxhiu and Loewy, 1996) and pulmonary C-
fiber afferent fibers modulate preganglionic cardiac motoneurons
(Wang et al., 2000; Wang and Ramage, 2001). Most of the reac-
tion product seen herein was found in large granules, possibly
boutons, and was similar to that described ultrastructurally in
myelinated fibers, many of which express VGLUT1 immunore-
activity (Corbett et al., 2005). More recent data suggests a role in
cardiosomatic motor reflexes (Sun et al., 2011; Liu et al., 2012).
Transganglionic labeling also was noted in lamina I and V of
the caudal medullary dorsal horn and first cervical segments of
the somatosensory trigeminocervical complex. The label gener-
ally was in very small granules, contrasting that seen in the NTS.
Such contrasts are similar to comparisons noted between pri-
mary afferent input into laminae I and III of the MDH (Panneton
et al., 2010c); lamina I receives mostly small diameter fibers
while lamina III receives large myelinated fibers. This labeling was
found dorsally in the trigeminocervical complex, well-known to
be where primary afferent fibers carried in the mandibular divi-
sion of the trigeminal nerve and rostral cervical spinal nerves
terminate. It is of interest that neurons in lamina I and V of the
C1 and C2 levels respond to algogenic chemicals injected into the
pericardium (Qin et al., 2001, 2002; Zhang et al., 2003). All such
neurons also had somatic receptive fields, similar to findings from
other studies (Mørch et al., 2007), and are suggested to be impor-
tant in referred pain in the jaw and neck after cardiac ischemia
(Qin et al., 2001).
SYNAPTIC DRIVE OF CARDIAC MOTONEURONS
The results of many studies suggest that parasympathetic pregan-
glionic cardiac motor neurons seldom are clustered, making them
difficult to identify without retrograde markers. However, the
caveats discussed previously concerning the validity of retrograde
labeling via pericardial injections must be considered. Indeed
Mendelowitz et al. (Mendelowitz and Kunze, 1991; Mendelowitz,
1996; Aicher et al., 2002; Gorini et al., 2009) has shown clus-
ters of labeled motoneurons similar to that seen in the compact
formation of nucleus ambiguus. Nevertheless, work in vitro brain-
stem slices after similar retrograde labeling methods as described
herein show parasympathetic preganglionic cardiac motoneu-
rons are modulated by both glutamatergic (Willis et al., 1996;
Mendelowitz, 1998; Neff et al., 1998; Corbett et al., 2003) and
GABAergic/glycinergic (Wang et al., 2001b, 2003) inputs from
the NTS. Preganglionic cardiac neurons also are modulated by
nicotinic cholinoceptors (Wang et al., 2001a), which facilitate
glutamatergic input to them (Huang et al., 2004), and numer-
ous peptides (Agarwal and Calaresu, 1991; Ruggeri et al., 2000;
Irnaten et al., 2003; Blinder et al., 2005, 2007; Hou et al., 2009) and
monoamines (Izzo et al., 1993; Wang and Ramage, 2001; Skinner
et al., 2002; Gorini et al., 2009). Indeed, cardiac motoneurons
activated by stimulation of the trigeminal root is modulated by
serotonin (Gorini et al., 2009) and acetylcholine (Gorini et al.,
2010) receptors. It is unfortunate however that Mendelowitz and
colleagues fail to describe from where in the medulla they take
their slices; thus comparison with our results cannot be made.
POTENTIAL PATHWAYS FOR A TRIGEMINO-CARDIAC REFLEX CIRCUIT
The mammalian diving response is an amalgam of three inde-
pendent reflexes regulating HR, blood pressure and respiration.
Innervation of paranasal areas provides an afferent link for induc-
ing the diving response (reviewed by Panneton, 2013) and this
area is innervated in part by the anterior ethmoidal nerve. We
show presently that most preganglionic parasympathetic cardiac
motoneurons are found in the RVLM within or near the external
formation of the nucleus ambiguus, an area known to elicit brady-
cardia when stimulated (Ciriello and Calaresu, 1982; Stuesse and
Fish, 1984). The problem remains however as to how the afferent
drive is linked to the efferent output.
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Since a diving bradycardia is elicited by electrically stimu-
lating the anterior ethmoidal nerve (Dutschmann and Herbert,
1996, 1997; McCulloch et al., 1999a), it is possible that pregan-
glionic cardiac motor neurons are modulated by direct projec-
tions into the rostral ventrolateral medulla from primary afferent
fibers of this nerve (Panneton, 1991a; Panneton et al., 2006).
Moreover, indirect projections from the trigeminal medullary
dorsal horn are probable. Neurons in the rostral ventrolateral
medulla are labeled transneuronally after HSV-1 virus injec-
tions into the anterior ethmoidal nerve (Panneton et al., 2000),
and axonal swellings are seen here after injections of BDA into
areas of the MDH where the anterior ethmoidal nerve terminates
(Panneton, 1991a; Panneton et al., 2000, 2006). Also, the brady-
cardia induced by nasal stimulation is reduced after injections
of lidocaine or kynurenate into similar parts of the medullary
dorsal horn (Panneton and Yavari, 1995; Panneton, 2013), sug-
gesting this somatosensory nucleus modulates cardiac activity.
These studies provide a neuroanatomical substrate for both direct
and indirect routes of trigeminal modulation of cardiac reflex
behavior. We suggest that this reflex has but few synapses, since
diving bradycardia is evoked 100% of the time in 100% of the rats
tested with little variation in our hands.
Our data also promotes the rostral ventrolateral medulla as the
nexus for somatoautonomic reflexes, supporting data of others
(Stornetta et al., 1989; Ruggeri et al., 1995; Kawabe et al., 2007;
Burke et al., 2011). Reflex circuits currently are seldom studied,
yet such circuits regulate much of our behavior. Our past efforts
have been directed toward defining the neural circuitry driving
the dramatic bradycardia, the peripheral vasoconstriction, and
apnea induced by a somatic stimulus that defies normal home-
ostatic parameters. Once the neural circuit for the remarkable
mammalian diving response is finalized, it may provide a sub-
strate for understanding its use in both diagnostic and therapeutic
measures in humans (Leiter and Böhm, 2007; Pedroso et al., 2012;
Smith et al., 2012).
ACKNOWLEDGMENTS
Special thanks to Kirsten Ellis who merged the composite pho-
tomicrograph in Figure 2. This work was supported by NIH grant
HL64772 and funds from the Presidential Research Fund of Saint
Louis University to W. Michael Panneton.
REFERENCES
Agarwal, S. K., and Calaresu, F. R. (1991). Enkephalins, substance P and acetyl-
choline microinjected into the nucleus ambiguus elicit vagal bradycardia in rats.
Brain Res. 563, 203–208. doi: 10.1016/0006-8993(91)91534-8
Agarwal, S. K., and Calaresu, F. R. (1992). Electrical stimulation of nucleus trac-
tus solitarius excites vagal preganglionic cardiomotor neurons of the nucleus
ambiguus in rats. Brain Res. 574, 320–324. doi: 10.1016/0006-8993(92)90833-U
Aicher, S. A., Mitchell, J. L., and Mendelowitz, D. (2002). Distribution of mu-
opioid receptors in rat visceral premotor neurons. Neuroscience 115, 851–860.
doi: 10.1016/S0306-4522(02)00459-1
Bieger, D., and Hopkins, D. A. (1987). Viscerotopic representation of the upper
alimentary tract in the medulla oblongata in the rat: the nucleus ambiguus.
J. Comp. Neurol. 262, 546–562. doi: 10.1002/cne.902620408
Blinder, K. J., Johnson, T. A., andMassari, V. J. (2005). Enkephalins and functionally
specific vagal preganglionic neurons to the heart: ultrastructural studies in the
cat. Auton. Neurosci. 120, 52–61. doi: 10.1016/j.autneu.2005.03.005
Blinder, K. J., Moore, C. T., Johnson, T. A., andMassari, J. V. (2007). Central control
of atrio-ventricular conduction and left ventricular contractility in the cat heart:
synaptic interactions of vagal preganglionic neurons in the nucleus ambiguus
with neuropeptide Y-immunoreactive nerve terminals. Auton. Neurosci. 131,
57–64. doi: 10.1016/j.autneu.2006.07.003
Burke, P. G. R., Neale, J. K. W. S., and McMullan, S. G. A. K. (2011). Patterning of
somatosympathetic reflexes reveals nonuniform organization of presympathetic
drive from C1 and non-C1 RVLM neurons. Am. J. Physiol. 301, R1112–R1122.
doi: 10.1152/ajpregu.00131.2011
Chan, R. K. W., and Sawchenko, P. E. (1994). Spatially and temporally differen-
tiated patterns of c-fos expression in brainstem catecholaminergic cell groups
induced by cardiovascular challenges in the rat. J. Comp. Neurol. 348, 433–460.
doi: 10.1002/cne.903480309
Chan, R. K. W., and Sawchenko, P. E. (1998). Organization and transmitter speci-
ficity of medullary neurons activated by sustained hypertension: Implications
for understanding baroreceptor reflex circuitry. J. Neurosci. 18, 371–387.
Chitravanshi, V. C., Agarwal, S. K., and Calaresu, F. R. (1991). Microinjection of
glycine into the nucleus ambiguus elicits tachycardia in spinal rats. Brain Res.
566, 290–294. doi: 10.1016/0006-8993(91)91711-9
Chitravanshi, V. C., and Calaresu, F. R. (1992). Dopamine microinjected into
the nucleus ambiguus elicits vagal bradycardia in spinal rats. Brain Res. 583,
308–311. doi: 10.1016/S0006-8993(10)80040-X
Ciriello, J., and Calaresu, F. R. (1982). Medullary origin of vagal preganglionic
axons to the heart of the cat. J. Auton. Nerv. Syst. 5, 9–22. doi: 10.1016/0165-
1838(82)90086-8
Corbett, E. K. A., Batten, T. F. C., Kaye, J. C., Deuchars, J., and McWilliam, P.
N. (1999). Labelling of rat vagal preganglionic neurones by carbocyanine dye
DiI applied to the heart. Neuroreport 10, 1177–1181. doi: 10.1097/00001756-
199904260-00004
Corbett, E. K. A., Saha, S., Deuchars, J., McWilliam, P. N., and Batten, T. F. C.
(2003). Ionotropic glutamate receptor subunit immunoreactivity of vagal pre-
ganglionic neurones projecting to the rat heart. Auton. Neurosci. 105, 105–117.
doi: 10.1016/S1566-0702(03)00047-X
Corbett, E. K. A., Sinfield, J. K., McWilliam, P. N., Deuchars, J., and Batten,
T. F. C. (2005). Differential expression of vesicular glutamate transporters by
vagal afferent terminals in rat nucleus of the solitay tract: projections from the
heart preferentially express vesicular glutamate transporter 1. Neuroscience 135,
133–145. doi: 10.1016/j.neuroscience.2005.06.010
Dutschmann, M., and Herbert, H. (1996). The Kölliker-Fuse nucleus mediates
the trigeminally induced apnoea in the rat. Neuroreport 7, 1432–1436. doi:
10.1097/00001756-199605310-00022
Dutschmann, M., and Herbert, H. (1997). Fos expression in the rat parabrachial
and Kölliker-Fuse nuclei after electrical stimulation of the trigeminal ethmoidal
nerve and water stimulation of the nasal mucosa. Exp. Brain Res. 117, 97–110.
doi: 10.1007/s002210050203
Dutschmann, M., and Paton, J. F. R. (2002). Trigeminal reflex regulation of the
glottis depends on central glycinergic inhibition in the rat. Am. J. Physiol. 282,
R999–R1005. doi: 10.1152/ajpregu.00502.2001
Foreman, R. D. (1986). “Spinal substrates of visceral pain,” in Spinal Afferent
Processing, ed T. L. Yaksh (New York, NY: Plenum Press), 217–242.
Gieroba, Z. J., Yu, Y.-H., and Blessing, W. W. (1994). Vasoconstriction induced by
inhalation of irritant vapour is associated with appearance of Fos protein in C1
catecholamine neurons in rabbit medulla oblongata. Brain Res. 636, 157–161.
doi: 10.1016/0006-8993(94)90192-9
Gorini, C., Jameson, H. S., and Mendelowitz, D. (2009). Serotonergic modulation
of the trigeminocardiac reflex neurotransmission to cardiac vagal neurons in the
nucleus ambiguus. J. Neurophysiol. 102, 1443–1450. doi: 10.1152/jn.00287.2009
Gorini, C., Philbin, K., Bateman, R., and Mendelowitz, D. (2010). Endogenous
inhibition of the trigeminally evoked neurotransmission to cardiac vagal neu-
rons by muscarinic acetylcholine receptors. J. Neurophysiol. 104, 1841–1848.
doi: 10.1152/jn.00442.2010
Haxhiu, M. A., and Loewy, A. D. (1996). Central connections of the motor and
sensory vagal systems innervating the trachea. J. Auton. Nerv. Syst. 57, 49–56.
doi: 10.1016/0165-1838(95)00092-5
Hopkins, D. A., and Armour, J. A. (1998). Brainstem cells of origin of physi-
ologically identified cardiopulmonary nerves in the rhesus monkey (Macaca
mulatta). J. Auton. Nerv. Syst. 68, 21–32. doi: 10.1016/S0165-1838(97)00112-4
Hopkins, D. A., Bieger, D., de Vente, J., and Steinbusch, H. W. M. (1996). “Vagal
efferent projections: viscerotopy, neurochemistry and effects of vagotomy,” in
The Emotional Motor System, eds G. Holstege, R. Bandler, and C. B. Saper
(Amsterdam: Elsevier), Prog. Brain Res, 79–96.
Frontiers in Physiology | Autonomic Neuroscience January 2014 | Volume 5 | Article 8 | 8
Panneton et al. Cardiac motoneurons labeled after underwater submersion
Hou, L., Tang, H., Chen, Y., Wang, L., Zhou, X., Rong, W., et al. (2009). Presynaptic
modulation of tonic and respiratory inputs to cardiovagal motoneurons by
substance P. Brain Res. 1284, 31–40. doi: 10.1016/j.brainres.2009.05.056
Hsieh, J. H., Chen, R. F., Wu, J. J., Yen, C. T., and Chai, C. Y. (1998). Vagal inner-
vation of the gastrointestinal tract arises from dorsal motor nucleus while that
of the heart largely from nucleus ambiguus in the cat. J. Auton. Nerv. Syst. 70,
38–50. doi: 10.1016/S0165-1838(98)00027-7
Huang, Z. G., Wang, X., Evans, C., Gold, A., Bouairi, E., and Mendelowitz,
D. (2004). Prenatal nicotine exposure alters the types of nicotinic receptors
that facilitate excitatory inputs to cardiac vagal neurons. J. Neurophysiol. 92,
2548–2554. doi: 10.1152/jn.00500.2004
Irnaten, M., Aicher, S. A., Wang, J., Venkatesan, P., Evans, C., Baxi, S., et al. (2003).
Mu-opioid receptors are located postsynaptically and endomorphin-1 inhibits
voltage-gated calcium currents in premotor cardiac parasympathetic neurons
in the rat nucleus ambiguus. Neuroscience 116, 573–582. doi: 10.1016/S0306-
4522(02)00657-7
Izzo, P. N., Deuchars, J., and Spyer, K. M. (1993). Localization of cardiac vagal pre-
ganglionic motoneurons in the rat: immunocytochemical evidence of synaptic
inputs containing 5-hydroxytryptamine. J. Comp. Neurol. 327, 572–583. doi:
10.1002/cne.903270408
Kalia, M., and Mesulam, M.-M. (1980). Brain stem projections of sensory and
motor components of the vagus complex in the cat: II. Laryngeal, tracheo-
bronchial, pulmonary, cardiac, and gastrointestinal branches. J. Comp. Neurol.
193, 467–508. doi: 10.1002/cne.901930211
Kawabe, T., Kawabe, K., and Sapru, H. N. (2007). Cardiovascular responses
to somatosensory stimulation and their modulation by baroreceptor mech-
anisms. Clin. Exper. Hypertens. 29, 403–418. doi: 10.1080/1064196070
1578402
Knight, W. D., Little, J. T., Carreno, F. R., Toney, G. M., Mifflin, S. W., and
Cunningham, J. T. (2011). Chronic intermittent hypoxia increases blood pres-
sure and expression of FosB/ρFosB in central autonomic regions. Am. J. Physiol.
301, R131–R139. doi: 10.1152/ajpregu.00830.2010
Kunibe, I., Nonaka, S., Katada, A., Adachi, M., Enomoto, K., and Harabuchi, Y.
(2003). The neuronal circuit of augmenting effects on intrinsic laryngeal muscle
activities induced by nasal air-jet stimulation in decerebrate cats. Brain Res. 978,
83–90. doi: 10.1016/S0006-8993(03)02770-7
Leiter, J. C., and Böhm, I. (2007). Mechanisms of pathogenesis in the Sudden
Infant Death Syndrome. Respir. Physiol. Neurobiol. 159, 127–138. doi:
10.1016/j.resp.2007.05.014
Liu, X.-H., Sun, N., Du, J.-Q., Tang, J.-S., Han, M., Zhu, J.-X., et al. (2012).
Chemical lesioning and glutamate administration reveal a major role for the
nucleus tractus solitarius in the cardiac-somatic reflex in rats. Neuroscience 207,
326–332. doi: 10.1016/j.neuroscience.2012.01.042
McAllen, R.M., Salo, L. M., Paton, J. F. R., and Pickering, A. E. (2011). Processing of
central and reflex vagal drives by rat cardiac ganglion neurons: an intracellular
analysis. J. Physiol. 589, 5801–5818. doi: 10.1113/jphysiol.2011.214320
McAllen, R. M., and Spyer, K. M. (1976). The location of cardiac vagal pre-
ganglionic motoneurones in the medulla of the cat. J. Physiol. (Lond.) 258,
187–204.
McAllen, R. M., and Spyer, K. M. (1978). Two types of vagal preganglionic
motoneurones projecting to the heart and lungs. J. Physiol. (Lond.) 282,
353–364.
McCulloch, P. F., Dinovo, K. M., and Connolly, T. M. (2010). The car-
diovascular and endocrine responses to voluntary and forced diving
in trained and untrained rats. Am. J. Physiol. 298, R224–R234. doi:
10.1152/ajpregu.00592.2009
McCulloch, P. F., Faber, K. M., and Panneton, W. M. (1999a). Electrical stimulation
of the anterior ethmoidal nerve produces the diving response. Brain Res. 830,
24–31. doi: 10.1016/S0006-8993(99)01374-8
McCulloch, P. F., Panneton, W. M., and Guyenet, P. G. (1999b). The rostral
ventrolateral medulla mediates the sympathoactivation produced by chemi-
cal stimulation of the nasal mucosa. J. Physiol. (Lond.) 516, 471–484. doi:
10.1111/j.1469-7793.1999.0471v.x
McCulloch, P. F., and Panneton, W. M. (1997). Fos immunohistochemical determi-
nation of brainstem neuronal activation in the muskrat after nasal stimulation.
Neuroscience 78, 913–925. doi: 10.1016/S0306-4522(96)00633-1
McCulloch, P. F., and Panneton, W. M. (2003). Activation of brainstem cate-
cholaminergic neurons during voluntary diving in rats. Brain Res. 984, 42–53.
doi: 10.1016/S0006-8993(03)03051-8
McGovern, A. E., and Mazzone, S. B. (2010). Characterization of the vagal motor
neurons projecting to the Guinea pig airways and esophagus. Front. Neurol.
1:153. doi: 10.3389/fneur.2010.00153
McRitchie, R. J., andWhite, S. W. (1974). Role of trigeminal olfactory, carotid sinus
and aortic nerves in the respiratory and circulatory response to nasal inhalation
of cigarette smoke and other irritants in the rabbit. Aust. J. Exp. Biol. Med. Sci.
52, 127–140. doi: 10.1038/icb.1974.10
Mendelowitz, D. (1996). Firing properties of identified parasympathetic cardiac
neurons in nucleus ambiguus. Am. J. Physiol. 271, H2609–H2614.
Mendelowitz, D. (1998). Nicotine excites cardiac vagal neurons via three sites
of action. Clin. Exp. Pharmacol. Physiol. 25, 453–456. doi: 10.1111/j.1440-
1681.1998.tb02233.x
Mendelowitz, D., and Kunze, D. L. (1991). Identification and dissociation of car-
diovascular neurons from the medulla for patch clamp analysis. Neurosci. Lett.
132, 217–271. doi: 10.1016/0304-3940(91)90305-D
Miura, M., and Okada, J. (1981). Cardiac and non-cardiac preganglionic neurones
of the thoracic vagus nerve: an HRP study in the cat. Jap. J. Physiol. 31, 53–66.
doi: 10.2170/jjphysiol.31.53
Mørch, C. D., Hu, J. W., Arendt-Nielsen, L., and Sessle, B. J. (2007). Convergence
of cutaneous, musculoskeletal, dural and visceral afferents onto nociceptive
neurons in the first cervical dorsal horn. Eur. J. Neurosci. 26, 142–54. doi:
10.1111/j.1460-9568.2007.05608.x
Neff, R. A., Humphrey, J., Mihalevich, M., and Mendelowitz, D. (1998). Nicotine
enhances presynaptic and postsynaptic glutamatergic neurotransmission to
activate cardiac parasympathetic neurons. Circ. Res. 83, 1241–1247. doi:
10.1161/01.RES.83.12.1241
Neuhuber, W., Raab, M., Berthoud, H.-R., and Worl, J. (2006). Innervation of
the mammalian esophagus. Adv. Anat. Embryol. Cell Biol. 185, 1–73. doi:
10.1007/978-3-540-32948-0_1
Okada, J., and Miura, M. (1997). Barosensitive cardioinhibitory neurons in
the medulla: comparison of FosB/ChAT-positive neurons with CT-HRP-
labeled neurons. J. Auton. Nerv. Syst. 64, 85–90. doi: 10.1016/S0165-1838(97)
00015-5
Panneton, W. M. (1991a). Primary afferent projections from the upper respiratory
tract in the muskrat. J. Comp. Neurol. 308, 51–65. doi: 10.1002/cne.903080106
Panneton, W. M. (1991b). Trigeminal mediation of the diving response in the
muskrat. Brain Res. 560, 321–325. doi: 10.1016/0006-8993(91)91251-U
Panneton, W. M. (2013). The mammalian diving response: an enigmatic reflex to
preserve life? Physiology 28, 284–297. doi: 10.1152/physiol.00020.2013
Panneton, W. M., Gan, Q., and Dahms, T. E. (2010a). Cardiorespiratory and neural
consequences of rats brought past their aerobic dive limit. J. Appl. Physiol. 109,
1256–1269. doi: 10.1152/japplphysiol.00110.2010
Panneton, W. M., Gan, Q., and Juric, R. (2010b). The rat: a laboratory model for
studies of the diving response. J. Appl. Physiol. 108, 811–820. doi: 10.1152/jap-
plphysiol.00600.2009
Panneton, W. M., Hsu, H., and Gan, Q. (2010c). Distinct central representations
for sensory fibers innervating either the conjunctiva or cornea of the rat. Exp.
Eye Res. 90, 388–396. doi: 10.1016/j.exer.2009.11.018
Panneton, W. M., Gan, Q., and Juric, R. (2006). Brainstem projections from
recipient zones of the anterior ethmoidal nerve in the medullary dorsal horn.
Neuroscience 141, 889–906. doi: 10.1016/j.neuroscience.2006.04.055
Panneton, W. M., Gan, Q., Le, J., Livergood, R. S., Clerc, P., and Juric, R. (2012).
Activation of brainstem neurons by underwater diving in the rat. Front. Physiol.
3:111. doi: 10.3389/fphys.2012.00111
Panneton, W. M., and Loewy, A. D. (1980). Projections of the carotid sinus nerve
to the nucleus of the solitary tract in the cat. Brain Res. 191, 239–244. doi:
10.1016/0006-8993(80)90326-1
Panneton,W.M., McCulloch, P. F., and Sun,W. (2000). Trigemino-autonomic con-
nections in the muskrat: the neural substrate for the diving response. Brain Res.
874, 48–65. doi: 10.1016/S0006-8993(00)02549-X
Panneton, W. M., McCulloch, P. F., Tan, Y., Tan, Y. X., and Yavari, P. (1996).
Brainstem origin of preganglionic cardiac motoneurons in the muskrat. Brain
Res. 738, 342–346. doi: 10.1016/S0006-8993(96)01048-7
Panneton, W. M., and Yavari, P. (1995). A medullary dorsal horn relay for the
cardiorespiratory responses evoked by stimulation of the nasal mucosa in the
muskrat, Ondatra zibethicus: Evidence for excitatory amino acid transmission.
Brain Res. 691, 37–45. doi: 10.1016/0006-8993(95)00597-J
Paxinos, G., and Watson, C. (1998). The Rat Brain in Stereotaxic Coordinates. San
Diego, CA: Academic Press.
www.frontiersin.org January 2014 | Volume 5 | Article 8 | 9
Panneton et al. Cardiac motoneurons labeled after underwater submersion
Pedroso, F. S., Riesgo, R. S., Gatiboni, T., and Rotta, N. T. (2012). The diving reflex
in healthy infants in the first year of life. J. Child Neurol. 27, 168–171. doi:
10.1177/0883073811415269
Qin, C., Chandler, M. J., Miller, K. E., and Foreman, R. D. (2001). Responses and
afferent pathways of superficial and deeper C1-C2 spinal cells to intrapericardial
algogenic chemicals in rats. J. Neurophysiol. 85, 1522–1532.
Qin, C., Farber, J. P., Chandler, M. J., and Foreman, R. D. (2002).
Chemical activation of C1-C2 spinal neurons modulates activity of tho-
racic respiratory interneurons in rats. Am. J. Physiol. 283, R843–R852. doi:
10.1152/ajpregu.00054.2002
Rentero, N., Cividjian, A., Trevaks, D., Pequignot, J. M., Quintin, L., and
McAllen, R. M. (2002). Activity patterns of cardiac vagal motoneurons in rat
nucleus ambiguus. Am. J. Physiol. 283, R1327–R1334. doi: 10.1152/ajpregu.
00271.2002
Ruggeri, P., Battaglia, A., Ermirio, R., Grossini, E., Molinari, C., Mary, D. A. S.
G., et al. (2000). Role of nitric oxide in the control of the heart rate within
the nucleus ambiguus of rats. Neuroreport 11, 481–485. doi: 10.1097/00001756-
200002280-00011
Ruggeri, P., Ermirio, R., Molinari, C., and Calaresu, F. R. (1995). Role of ventrolat-
eral medulla in reflex cardiovascular responses to activation of skin and muscle
nerves. Am. J. Physiol. 268, R1464–R1471.
Skinner,M. R., Ramage, A. G., and Jordan, D. (2002).Modulation of reflexly evoked
vagal bradycardias by central 5-HT1A receptors in anaesthetized rabbits. Br. J.
Pharmacol. 137, 861–873. doi: 10.1038/sj.bjp.0704941
Smith, G.,Morgans, A., andMcDTaylor, D. (2012). Use of human dive reflex for the
management of supraventricular tachycardia: a review of the literature. Emer.
Med. J. 29, 611–616. doi: 10.1136/emermed-2011-200877
Stornetta, R. L., Morrison, S. F., Ruggiero, D. A., and Reis, D. J. (1989). Neurons of
rostral ventrolateral medulla mediate somatic pressor reflex. Am. J. Physiol. 256,
R448–R462.
Stuesse, S. L. (1982). Origins of cardiac vagal preganglionic fibers: a retro-
grade transport study. Brain Res. 236, 15–25. doi: 10.1016/0006-8993(82)
90030-0
Stuesse, S. L., and Fish, S. E. (1984). Projections to the cardioinhibitory
region of the nucleus ambiguus of rat. J. Comp. Neurol. 229, 271–278. doi:
10.1002/cne.902290211
Sun, N., Liu, X.-H., Du, J.-Q., Zhu, J.-X., Tang, J.-S., and Li, Q.
(2011). Rostroventral medull-mediated biphasic modulation of the
rat cardiosomatic motor reflex. Neuroscience 185, 174–182. doi:
10.1016/j.neuroscience.2011.04.016
Wang, J. J., Irnaten, M., and Mendelowitz, D. (2001a). Agatoxin-IVA-sensitive cal-
cium channels mediate the presynaptic and postsynaptic nicotinic activation of
cardiac vagal neurons. J. Neurophysiol. 85, 164–168.
Wang, J. J., Irnaten, M., and Mendelowitz, D. (2001b). Characteristics of sponta-
neous and evoked GABAergic synaptic currents in cardiac vagal neurons in rats.
Brain Res. 889, 78–83. doi: 10.1016/S0006-8993(00)03112-7
Wang, J., Wang, X., Irnaten, M., Venkatesan, P., Evans, C., Baxi, S., et al. (2003).
Endogenous acetylcholine and nicotine activation enhances GABAergic and
glycinergic inputs to cardiac vagal neurons. J. Neurophysiol. 89, 2473–2481. doi:
10.1152/jn.00934.2002
Wang, Y., Jones, J. F. X., Jeggo, R. D., Daly, M. D., Jordan, D., and Ramage, A.
G. (2000). Effect of pulmonary C-fibre afferent stimulation on cardiac vagal
neurones in the nucleus ambiguus in anaesthetized cats. J. Physiol. (Lond.) 526,
157–165. doi: 10.1111/j.1469-7793.2000.t01-1-00157.x
Wang, Y., and Ramage, A. G. (2001). The role of central 5-HT1A receptors in the
control of B-fibre cardiac and bronchoconstrictor vagal preganglionic neurones
in anaesthetized cats. J. Physiol. (Lond.) 536, 753–767. doi: 10.1111/j.1469-
7793.2001.00753.x
White, S., McRitchie, R. J., and Korner, P. I. (1975). Central nervous system control
of cardiorespiratory nasopharyngeal reflexes in the rabbit. Am. J. Physiol. 228,
404–409.
White, S.W.,McRitchie, R. J., and Franklin, D. L. (1974). Autonomic cardiovascular
effects of nasal inhalation of cigarette smoke in the rabbit.Aust. J. Exp. Biol. Med.
Sci. 52, 111–126. doi: 10.1038/icb.1974.9
Willis, A., Mihalevich, M., Neff, R. A., and Mendelowitz, D. (1996). Three types
of postsynaptic glutamatergic receptors are activated in DMNX neurons upon
stimulation of NTS. Am. J. Physiol. 271, R1614–R1619.
Yavari, P., McCulloch, P. F., and Panneton, W. M. (1996). Trigeminally-mediated
alteration of cardiorespiratory rhythms during nasal application of carbon
dioxide in the rat. J. Auton. Nerv. Syst. 61, 195–200. doi: 10.1016/S0165-
1838(96)00072-0
Zhang, J. H., Chandler, M. J., Bobert, D., and Foreman, R. D. (2003).
Cardiopulmonary sympathetic and vagal afferents excite C1-C2 propriospinal
cells in rats. Brain Res. 969, 53–58. doi: 10.1016/S0006-8993(03)02277-7
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 07 November 2013; accepted: 06 January 2014; published online: 28 January
2014.
Citation: Panneton WM, Anch AM, Panneton WM and Gan Q (2014)
Parasympathetic preganglionic cardiac motoneurons labeled after voluntary diving.
Front. Physiol. 5:8. doi: 10.3389/fphys.2014.00008
This article was submitted to Autonomic Neuroscience, a section of the journal
Frontiers in Physiology.
Copyright © 2014 Panneton, Anch, Panneton and Gan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Physiology | Autonomic Neuroscience January 2014 | Volume 5 | Article 8 | 10
